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Abstract 
Gravity measurements have repeatedly been carried out several times in the area 
around Lake Biwa-ko since 1950 in order to detect, if possible, secular change of gravity. 
Results obtained by means of LaCoste & Romberg gravimeters in 1964, 1967, 1970 and 
1971 show that gravity value has been increasing by about 0.1 mgal during recent several 
years on both shores of the southern part of the Lake Biwa-ko. Results obtained by le,·cl-
ling surveys in the region concerned show the similar tendency as those by the gravity 
measurements. 
l. Introduction 
The development of portable gravimeter of the spnng type enables gravity 
measurements to be easily, rapidly and accurately carried out, and investigation 
on whether the secular change of gravity can be detectable or not has recently been 
made in many regions of the world (e. g. Honkasalo [ 1971]). In the Kinki District, 
gravity measurements have repeatedly been carried out several times since 1950, 
and gravity change amounting to 0.1-0.3 mgal had been observed by means of a 
North American gravimeter during the period of 1950-1953 (Ichinohe [1955)), 
and that amounting to 0.3-0.6 mgal had also been observed by means of both 
1\orth American and Worden gravimeters during the period of 1952-1962 (Ichinohe, 
Nakagawa and Sumitomo [1963)). Both results show that the gravity value increas-
ed on both shores of the southern part of Lake Biwa-ko during the periods concerned. 
The amounts are fiu beyond what can be explained by the subsidence of ground or 
the change of underground water level. From the tectonic point of view, this area 
is situated in a region of extremely negative Bouguer anomaly, and it is, furthermore, 
considered to be in an isostatically unstable state. It is naturally 'peculated that, 
in such an unstable region, subterranean substances may change their distribution 
to recover a stable state (Ichinohe, Nakagawa and Sumitomo [1963)). 
In 1956, the Geographical Survey Institute [1965) carried out a gravity survey 
by means of a North American gravimeter at the first order bench marks distributed 
in the Kinki District. Thereafter, gravity measurements in the region of Lake Biwa-
ko were carried out four times by using LaCoste & Romberg gravimeters in 1964, 
1967, 1970 (measurements at Yono and Nakanogo were made in 1969) and 1971. 
Using the results obtained through the recent four gravity measurements, secular 
change of gravity near the Lake Biwa-ko is discussed in the present article. 
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2. Location of Stations and Method of Measurements 
Gravity measurements before 1953, in 1956 and after 1964 were carried out 
referring to the Primary Reference Station of Gravity (UL), the National Fundamen-
tal Station of Gravity (FS) and the Gravity Station of Geophysical Institute, Kyoto 
University (GI), respectively. As the gravity measurements among these three 
reference stations were carried out repeatedly, the gravity differences are precisely 
determined (Nakagawa et al. [1970)) . 
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Fig. I. Locations of the stations. 
Location of the observation stations is shown in Fig. I , and their details are 
shown in both Table I and Note. 
One-way measurement was adopted before 1967, but back and forth measure-
ment was adopted after 1970 in order to determine gravity values at the observation 
stations as accurately as possible. 
3. Results of Measurements 
Data obtained through the gravity measurements were corrected for closure 
errors at Otsu, and the results are shown in Table 2. But the data obtained in 1971 
were not corrected for closure errors because all the observation stations were directly 
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Table I. Description of the stations 
I Latitude I Longitude Height I Gravity Free air 'I Bouguer value anomaly* anomaly* 
0 ,N 0 , E m gal mgal mgal 
Kyoto Univ. (UL) 35 01.6 135 47.1 54.98 979.7230 
- 7.9 -14.0 
Kyoto Univ. (FS) 35 01.7 135 47.2 60.82 7211 - 8.1 -14.9 
Kyoto Univ. (GI) 35 01.7 135 47.2 59.86 7216 - 7.9 -14.6 
Demachiyanagi 35 01.6 135 46.4 53.66 7258 - 5.4 - 11.4 
Yamashina 34 59.3 135 49.4 62.85 7180 - 7.2 -14.2 
Otsu 35 00.1 135 52.4 90.58 7033 -14.4 -24.5 
Seta 34 58.2 135 54.5 89. 7036 -11.9 -21.9 
T sukiwa 34 59.2 135 56.6 109.62 6999 -10.7 -23.0 
Kusatsu 35 00.8 135 57.7 97. 7001 -16.7 -27.5 
Moriyama 35 02.7 135 59.2 97.22 7017 - 17.7 - 28.5 
Yasu 35 03.6 136 01.4 99.36 7013 -18.6 - 29.7 
Shinohara 35 04.6 136 03 .6 103. 7037 -16.5 -28.0 
Demachi 35 05.0 136 04.8 114. 7033 -14.2 -26.9 
Nishiyokozeki 35 05.6 136 05.9 100. 7024 -20.2 - 31.4 
Musa 35 06.7 136 08.0 100.48 7042 -19.9 -31.1 
Higashioiso 35 07.8 136 10.0 103. 7026 -22.2 -33.7 
Gokanosho 35 09.2 136 12.0 108. 6957 -29.5 -41.6 
Ishibashi 35 11.0 136 13.3 99.88 6998 -30.5 -41.6 
T akamiya 35 13.8 136 15.5 104.61 7087 -24.1 -35.8 
Hikone (Enjo) 35 16.4 136 15.6 95. 7175 -22.0 -32.6 
Hikone (Ii) 35 16.4 136 15.6 95. 7172 -22.3 - 32.9 
Hikone (CO) 35 16.2 136 15.3 95. 7144 -24.7 -35.3 
Toriimoto 35 16.5 136 17.1 102.80 7184 -18.8 -30.3 
Banba 35 18.8 136 19.2 I 14.79 7218 -15.0 -27.8 
Kashiwabara 35 20.5 136 24.5 177. 7124 - 7.5 -27.3 
lbuki 35 22.9 136 22.8 180. 7177 - 4.7 -24.9 
Uchibo 35 25.6 136 17.9 113. 7293 -17.6 -30.2 
Kohoku 35 26.7 136 14.9 99. 7276 -25.2 -36.3 
Yo no 35 27.2 136 15.8 101.21 7330 -19.8 -31.1 
Kinomoto (Kannon) 35 30.1 136 13.7 120. 7281 -23.1 -36.5 
Kinomoto (BM) 35 30.5 136 13.4 121.68 7285 -22.7 -36.3 
Nakanogo 35 32.5 136 12.5 147.50 7314 -14.7 -31.2 
Hannoura 35 30.0 136 11.4 140. 7271 -17.8 -33.4 
Yanokuma 35 30.7 136 09.1 105. 7171 -39.5 -51.2 
Sakaebashi 35 30.1 136 08.1 90. 7249 -35.5 - 45.5 
Kaizu 35 27.6 136 04.6 90. 7222 -34.6 " -44.7 
Kitashinpo 3:1 26.7 136 02 .2 105. 7183 -32.7 - 44.4 
lmazu 35 23.8 136 02.4 87.31 7183 -34.0 -43.8 
Kumanomoto 35 21.4 136 02.0 93. 7148 -32.3 -42.7 
Aigawa 35 20.7 136 01.9 96.84 7129 -32.1 -42.9 
Nishi magi 35 19.6 136 01.7 91.25 7103 -35.8 -46.0 
T akashima 35 17.7 136 01.0 87.02 7036 -40.2 -49.9 
Kitakomatsu (BM) 35 14.8 135 58.4 9 1. 7059 -32.5 -42.6 
Kitakomatsu (Kinoshita) 35 14.8 135 58.4 91. 7061 -32.3 -42.5 
Kido 35 11.8 135 55.4 104.55 6996 -30.4 - 42.1 
Wani 35 09.1 135 55.4 95.58 7002 -28.7 -39.4 
Katada 35 07.3 135 55.2 87 .88 7004 -28.4 -38.2 
Ogoto 35 05.3 135 53 .8 87.41 6977 I -28.4 -38.1 Karasaki 35 02.7 135 52.6 87. 6958 -26.7 -36.5 
* The International Gravity Formula (1930) was used m calculatiOn. 
Table 2. Results of gravity measurements 
Period of measurements Dec. Dec. 1951 Nov.-D
ec. Dec. July 
1950 -Jan. 1952 1952 1953 1956 
I North I North North I North I North I Gravimeter used American American American American American 
AG-108 AG-108 AG-108 AG-108 AG-133 
gal gal gal gal gal 
979. 979. 979. 979. 979. 
Kyoto Univ. (UL) 7230 7230 7230 7230 
Kyoto Univ. (FS) 7208 7210 7208 72112 
Kyoto Univ. (GI) 
Demachi yanagi 7256 7255 7255 7255 
Yamashina 7177 7179 7178 7176 71812 
Otsu 7031 7032 7032 70341 
Seta 7036 7037 7037 7036 70385 
Tsukiwa 70005 
Kusatsu 6998 7002 7000 7000 69979 
Moriyama 70178 
Yasu 7012 7014 7012 7014 70147 
Shinohara 7037 7038 7036 7037 
Demachi 70344 
Nishi yokozeki 
Musa 7040 7042 7040 7041 70431 
Higashioiso 
Gokanosho 69599 
Ishibashi 6998 6999 6998 6997 70000 
Takamiya 7086 7088 7085 7086 70891 
Hikone (Enj6) 7172 7173 7172 7171 
Hikone (Ii ) 
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Imazu 7180 7182 71820 
Kumanomoto 7146 7147 
Aigawa 71285 
Nishimagi 71032 
Takashima 7034 7036 70357 
Kitakomatsu (BM) 
Kitakomatsu (Kinoshita) 7059 7061 
Kido 6994 6996 
Wani 7002 7003 70019 
Katada 7004 7005 70027 
Ogoto 6976 
Karasaki G9GO 









718231 718222 71829 
714654 714687 
712810 712845 71291 
710273 71034 
703454 703509 70362 
705868 705878 70595 
705988 705995 
699529 699541 69965 
700125 700156 70026 
700278 700289 70040 
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Table 3. Apparent change of gravity (unit: pgal) 














































1967-19641 1970-1964 1970-196711971-1964 11971-196711971-1970 
2~ 0 0 0 I 0 I 0 
22 + 14 I + 36 I 
! I~ ! ~~ I ! ~~ I 
+ 18 + 79 + 61 
+ 18 +126 +108 +127 +109 + I 

































































































+103 + 48 
+ 74 + 64 












+109 i +75 +63 -46 
+ 104 1 + 101 + 70 -34 
+III .
1 
+III +100 -II 
+ 89 + 59 + 99 + I 0 
- - _ __ __)_±12_8_,__+_8_6 _ _,__ _ _ 
SECULAR CHANGE OF GRAVITY NEAR LAKE BI\V.\-KO 107 
connected with the base station (GI). The values shown in Table 2 were obtained 
by taking the gravity values at UL, FS and GI as 979.7230 gal, 979.72112 gal and 
979.721583 gal, respectively. 
4. Consideration 
Higher accuracy with more than 0.05 mgal is essential in gravity measurements 
in order to investigate the secular change of gravity. Generally speaking, it is thought 
that either the measuring accuracy of the North American gravimeter or that of the 
Worden gravimeter is less than that of the LaCoste & Romberg gravimeter. Only the 
results obtained by LaCoste & Romberg gravimeters are, therefore, used in the present 
purpose. Apparent changes of gravity obtained through recent four successive 
measurements by means of LaCoste & Romberg gravimeters are shown in Table 3 
and also in Figs. 2 and 3. All values of gravity are referred to that at the Gravity 
Station of Geophysical Institute, Kyoto University (Gl), and the gravity value at 
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Fig. 2. Gravity change obtained by gravity measuremcllts. 
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Fig. 3. Gravity change obtained by gravity measurements. Scale factor given by the maker 
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Gravity changes at Gokanosho and Kitashinpo are abnormal in the period 
between 1964 and 1967, as shown in Fig. 2. A similar tendency is also found, as 
shown in Fig. 3, for the apparent change of gravity at Gokanosh6 between 1967 and 
1971 and that at Kitashinpo between 1964 and 1971, but the cause is not clear. 
It is naturally presumed that the measuring value of 1967 at Gokanosho is too small 
and that of 1964 at Kitashinpo is too large for a certain reason. The gravity increase 
amounting to 0.087 mgal at Nishiyokozeki is predominant except for both stations 
of Gokanosh6 and Kitashinpo, and, in general, the gravity value has increased about 
0.02 mgal during the period of 1964-1967. A measuring accuracy by a single 
LaCoste & Romberg gravimeter is confirmed to be 0.02-0.03 mgal in field gravity 
measurements (e. g. Nakagawa [1971]), and so there is no significant change during 
the period between 1964 and 1967. 
During the periods of both 1964-1970 and 1967-1970, the gravity values in-
creased more than 0.1 mgal at almost all of the comparable stations. If the results 
obtained are assumed to be true, the gravity value increased all over the area around 
the Lake Biwa-ko during the period between 1967 and 1970. 
Gravity change in the period between 1964 and 1971 and that between 1967 
and 1971 are similar with each other except for both stations of Gokanosho and 
Kitashinpo, as shown in Fig. 3. The common characteristic for these two periods 
is that gravity values increase in small quantities in the northern part of Lake Biwa-ko, 
but they increase about 0.1 mgal on both shores of the southern part of the Lake. 
Gravity change at Toriimoto shown in Fig. 3 is thought to be caused by change of 
the measuring point. Comparing gravity values of 1970 with those of 1971, there 
is no significant change in the southern part of the Lake, but the gravity value 
decreases about 0.05-0.1 mgal in the northern part. 
Apparent gravity change obtained at each typical station is shown in Fig. 4. 
As can be easily seen from the Fig. 4, measuring values of 1970 are similarly large 
Fig. 4. 
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comparing with others, and both the values of 1964 and 1967 are similar, and those 
of 1970 and 1971 are also similar in the southern part of both shores of the Lake, and, 
therefore, the gravity value seems to be increased during the period between 1967 
and 1970. However, only the values obtained in 1970 are significantly large at 
Banba and Nakanog6 in the northeast part of the Lake. It is probable that the value 
at stations near the base station- i. e. Kyoto in the present case- is relatively 
reliable because of the direct connection with the base station, but that the more 
stations are relayed, the lower the accuracy obtained (Tajima [1970], Nakagawa and 
Satomura [1971]). Therefore, the measuring values obtained in the northern part 
of the Lake are to be thought less accurate than those in the southern part. 
Judging from this consideration, no significant change of gravity is found in the 
northern part of Lake Biwa-ko, but it may be assumed that the gravity increased 
about 0.1 mgal during the period between 1967 and 1970 on both shores of the 
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1: correlation coefficient 
r=-0.57 
a= ( -1.86±0.52) X J0- 3 







FROM KYOTO UNIV. 
Fig. 6. Correlation between gravity value and gravity 
change (1967-1971). 
r=-0.58 
a= ( -1.75±0.39) x 10-s 
b=32.3±5.8pgal 
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However, as can be seen in the Fig. 3, gravity difference from the base station 
(Kyoto) is large at stations located on the both shores of southern part of the Lake, 
and it may therefore be assumed that there exists a certain correlation between 
gravity changes ( 1964-1971 and 1967-1971) and gravity difference from the base 
station. This is shown in Figs. 5 and 6. Correlation coefficients obtained are 
-0.57 and -0.58 for Figs. 5 and 6, respectively. Therefore, the apparent gravity 
change obtained is partly caused by the scale factor of the gravimeters used. For 
this purpose, scale factor of the LaCoste & Romberg gravimeter G-196 ( 1971) should 
be changed to about (1 + 1.8 X J0-3) times greater than that of either the gravimeter 
G-29 ( 1967) or G-83 ( 1964). Scale factors of LaCoste & Romberg gravimeters 
used in the present investigation were often examined (Fujii et al. [1964], Tajima 
[1969, 1970], Tazima [1969]), and the results showed that the discrepancy for the 
scale factors and secular change of the scale factor itself were always lesser than the 
order of I0-4. Under such circumstances, neither discrepancy nor the secular change 
of scale factor can be the cause of the apparent change of gravity. To make sure, 
recalculation using (I+ 1.8 X I 0-3) times of the scale factor of the LaCoste & Rom-
berg gravimeter G-196 was made instead of the original scale factor given by the 
maker, and the result is shown in Fig. 7, showing also the gravity increase of 0.05-
0.1 mgal in the southern part of Lake Biwa-ko. 
-- lt71~11184 
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Fig. 7. Gravity change obtained by gravity measurements. 1.0018 X scale factor of the LaCoste 








At the time of the gravity measurements in 1971, both back and forth measure-
ments with the omission of some stations on the way and one-way measurements were 
carried out in addition to the main measurements, in order to examine the measur-
ing accuracy of gravity and to find a suitable measuring method with a single gravi-
meter. The results obtained by back and forth measurements and one-way ones 
were within ±0.03 mgal compared with those by the main measurements, as shown 
in Fig. 8. Therefore, the gravity change amounting to about 0.1 mgal found in the 
southern part of Lake Biwa-ko cannot be explained by a measuring error or by some 
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Fig. 8. Difference in the results obtained by different method of measurements and data arrange-
ments. 
A: main measurements (perfectly back and forth measurements) 
B : one-way measurements 
C: back and forth measurements on the east shore of Lake Biwa-ko 
D: back and forth measurements on the west shore of Lake Biwa-ko 
E: back and forth measurements made at selected stations along the route 
F: results obtained through different data arrangements 
From this consideration, it is considered that the gravity value increased about 
0.1 mgal in the southern part of both shores of Lake Biwa-ko during the period be-
tween 1967 and 1970. A similar change of gravity is also obtained by a North 
American gravimeter and a Worden gravimeter (Ichinohe [1955], Ichinohe, Naka-
gawa and Sumitomo [1963]). 
5. Comparison with Levelling Survey and Water Level of Lake Biwa-ko 
According to unpublished data of the last levelling survey by the Geographical 
Survey Institute, on the east shore of the Lake ( 1965-1971), significant change in 
height did not occur to the north of Yasu, but subsidence of the ground became larger 
going south from Yasu, and the subsidence reached 3-5 em at Otsu. On the other 
hand, on the west shore of the Lake (1948-1971), there was no significant change 
in height along the route between Imazu and Horai (between Kido and Wani), but 
there was subsidence in the south of Horai, and its subsidence amounted to 5-7 
em at Otsu. Comparing the results obtained by the gravity measurements with those 
by the levelling surveys, a similar tendency was found but the amount of the 
former was about 10 times greater. 
As for data on water level of Lake Biwa-ko, 6 stations belonging to the Kinki 
Regional Construction Bureau are available, that is, Mihogasaki (near Otsu), Hikone, 
Katayama (near Kohoku), Shiotsu (between Hannoura and Yanokuma), Omizo 
(Takashima) and Katada. Level difference referring to the Mihogasaki is shown 
in Fig. 9, and there is no significant change in difference of water level. 
Gravity change of 0.1 mgal would necessitate a density change of 0.005 grfcm3 
in the subterranean layer of 500 m thickness, or 0.024 grfcm3 in the layer of 100m. 
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Fig. 9. Level difference of the Lake surface observed at several 
stations, referring to the Mihogasaki in 1964. 
But there is no information for investigating the density change in the subterranean 
layer. 
6. Summary 
The results of the gravity measurements carried out four times during the period 
of 1964-1971 in the area around Lake Biwa-ko are summarized as follows: 
(I) Gravity change amounting to about 0.1 mgal was found by using the 
LaCoste & Romberg gravimeters on both shores of the southern part of Lake 
Biwa-ko during the period of 1967-1970. There is no contradiction with 
results previously obtained by means of the North American and Worden 
gravimeters. 
(2) Levelling surveys and water level measurements in the area concerned show 
a similar tendency to the gravity measurements, but both changes in height 
and water level are too small for explaining the gravity change. Therefore, 
if the gravity change obtained is assumed to be true, one possibility is that 
it is due to a density change in the subterranean layer, but there is no evidence 
to prove this. 
Though the gravity measurements in 1971 were made on bench marks and in-
strumental height was precisely measured, they were not sufficient before 1970. 
It is needless to say that future gravity measurements should be carried out at the 
same position and with the same method as before. Gravity measurements at 
observation stations with small gravity difference for the base station are strongly 
recommended for detecting the secular change of gravity because of free from scale 
factor of the gravimeters used (Nakagawa and Satomura [1971, 1972]), although 
the area is limited. In case where many relay observation stations exist on the route, 
accuracy of the measurements usually becomes inferior, therefore direct connection 
with the base station is also recommended. 
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the Primary Reference Station of Gravity in Japan, on 
floor (not on stone base) 
the National Fundamental Station of Gravity in Japan, on 
floor (not on stone base) before 1953, 
on stone base in 1956 
the Gravity Station of Geophysical Institute, Kyoto Uni-
versity 
B. M. 241 
B. M. 214.1 
B.M.J213 
B. M. 211 before 1956, 
the lower landing stair in the square beside the Seta Bridge 
after 1964 
B. M. 210.1 
traces of old B. M. 209.1, on road in front of Minami Dental 
Office 
B. M. 208.1 before 1970, 
traces of B. M. 208.1 in 1971 
B. M. 207.1 
B. M. 206.1 before 1951, 
on floor of Mobil gasoline station after 1952 (the height 
was changed in 1971) 
B. M. 206 
B. M. 205.1 
B. M. 204.1 
substitutional station of B. M. 203.1, on underground 
passage under the Route 8 
substitutional station of B. M. 202.1, on floor of bell tower, 
in the Zenjil-ji Temple 
B. M. 201.1 
B. M. 200 
on ground in front of 2 meters apart from the monument 
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inside of palisade between I 952 and 1964, 
on stone remains of the monument after 1967, in the Hikone 
Castle 
on the uppermost stair in front of statue of "Naosuke Ii" 
in the Hikone Castle 
on ground in front of 1.5 meters apart from the right 
hand pillar of porch, formerly the Hikone City Office 
B. M. 198.1 
B. M. 197 
on the lowermost stair in front of main shrine, Hachiman 
Shrine 
on step stone in front of lodging No. 5, lbuki Meteorological 
Observatory 
on floor in front of monument stone for soul 
on the lowermost stair in front of main shrine, north 300 
meters apart from the Kohoku Town Office 
B. M. 10500 
on the lowermost stair in front of the great statue of Jiz6, 
Joshin-ji Temple 
B. M. 10504 in 1964, 
traces of B. M. 10504 after 1967 
B. M. 10506 
on the lowermost stair in front of main shrine, Hachiman 
Shrine 
on the uppermost stone stair in front of the stage for No-
play, Yaai Shrine 
on floor in front of the monument stone beside the Sakae 
Bridge 
on the lowermost stair in front of main temple, Fukuzen-ji 
Temple 
on the lowermost stair in front of main shrine, Temma 
Shrine 
B. M. 1326 
on road in south-western corner of intersecting point 
before 1967, 
on concrete wall of ditch 10 meters apart from the old 
station in 1971 
B. M. 1323 
B. M. 1322 
B. M. 1320 
B. M. 1316, 
near B. M. 1316 only in 1967 
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Kitakomatsu (Kinoshita) on road in front of 1 meter apart from the name post 
of "Kinoshita Shrine", Kinoshita Shrine 
Kido B. M. 1312 
Wani B. M. 1309 
Katada B. M. 1307, 
Ogoto 
Karasaki 
on road near B. M. 1307 in 1952 and 1953 
B. M. 1305 
B. M. 1302 in 1952, 
on stone floor of the well in the Karasaki Shrine, after 1964 
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